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Abstract 
Gas-phase surface modification is a key technology for the processing and manufacture of 
many materials. 
 
Three experimental methods were used in this research to modify the surfaces: 
(1) Vacuum UV (VUV) photo-oxidation of single-walled carbon nanotubes (SWNTs) 
paper, polystyrene and Nafion®-117; 
(2) Microwave (MW) plasma discharge of an Ar-O2 mixture producing oxygen atoms in 
the absence of radiation to treat SWNT paper and polystyrene; and 
(3) UV bromination employing photolysis of gaseous HBr at different wavelengths (253.7 
& 184.9 nm and 253.7 nm) to treat SWNT paper and powder. 
 
The quantitative and chemical changes in the top 2-5 nm of the samples’ surface were 
analyzed using X-ray photoelectron spectroscopy (XPS). 
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Part I INTRODUCTION 
Surface modification is the process of modifying the material’s physical, chemical or 
biological characteristics. Surface modification methods are often employed to retain the 
bulk properties of carbon nanotubes (CNTs), first imaged in 1991 by Iijima [1], and 
polymers functionalizing the surface with chemical groups in order to change the surface 
properties. 
 
CNTs were first discovered in the soot of an arc-discharge experiment in 1991 [1]. The 
discovered CNTs, called multi-walled carbon nanotubes (MWNTs), have the multi-layer 
tubular structures of nanoscale diameter [2]. Two years later, the single-walled carbon 
nanotubes were synthesized by the use of metal catalysts in the arc-discharge experiment 
by the same research group [3]. Since then, CNTs have generated great interest among 
scientists and engineers. CNTs have been found to possess a wide variety of extremely 
remarkable properties, most notably high electrical and thermal conductivity, high Young’s 
modulus and tensile strength, and catalytic surface area. These properties give CNTs 
tremendous potential for a variety of applications: lithium-ion (Li+) batteries, polymeric 
solar cells, proton exchange membrane (PEM) fuel cells [4], thermionic materials [5, 6], 
polymer composites [7-9], catalyst support [10, 11], sensors [12, 13], super conductors [14, 
15] and so forth. 
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Low temperature, downstream microwave (MW) plasma photochemical treatment was 
applied to surface modify CNTs with CF4 [16], H2 [17] and NH3 [18] resulting in 
fluorination, hydrogenation and the addition of H, NH and NH2 groups, respectively, to the 
CNTs. 
 
Surface oxidation of CNTs is widely researched in recent two decades. Liquid-phase 
oxidation, involving nitric and/or sulfuric acids, is mild and slow and produces high yields 
of oxidized CNTs [19]. Carbonyl functionalization of MWNTs with nitric acid has been 
effective in converting aniline to azobenzene as a nano-dimensional chemical reaction [20]. 
Sonication in HNO3 and H2SO4 effectively functionalizes the CNTs as observed by x-ray 
photoelectron spectroscopy (XPS) [21]. In contrast, gas-phase oxidation in air and 
oxidative plasma leads to over-oxidation, often removing or severely damaging the CNTs 
[22]. High temperature oxidation modifies the intrinsic structure and improves the 
dispersity [23] and air stability of CNTs [24] while low temperature ozonolysis introduces 
oxygenated functionalities directly onto the sidewalls [25 - 27] and not simply at the end 
caps or isolated defects [28]. 
 
There are a few publications involving photo-oxidation of CNTs. Earlier work indicates 
that UV (240 and 253.7 nm) photochemical treatment for CNTs did not change the surface 
composition but caused photo-desorption of oxygen [29]. A UV/O3 generator formed 
3 
oxygenated functional groups on SWNTs in air [30]. Chemical modification on the surface 
of CNTs was observed in UV photo-oxidation and vacuum UV (VUV) photo-oxidation of 
MWNT powder and paper [31 - 33], UV and VUV photo-oxidation of SWNT powder [32, 
34], MW discharge of argon and oxygen mixture to generate oxygen atoms in the presence 
of SWNT powder [34]. 
  
There are only a few studies on bromination of CNTs. Functionalizaiton with halogens 
forms carbon-halogen bonds, which are considered to be electron withdrawing groups, 
introduces defect sites to the sidewalls of CNTs, opening a gap at the Fermi level and 
changing CNTs’ electronic properties from metallic to semiconducting [35]. The electronic 
conductivity of fluorine-functionalized SWNTs (Resistance > 20 MΩ) differ dramatically 
from the pristine SWNTs (Resistance = 10 - 15 Ω) [36]. After maintaining the MWNT 
samples in bromine vapor for several weeks, the transport and magnetic properties of 
MWNTs were changed [37]. The resonance Raman profile of the Br2 bands indicates 
different configurations of double-walled carbon nanotubes with different Br2 doping 
levels [38]. A ca. 5.8 wt% of Br in MWNTs was observed when MWNTs were immersed in 
aqueous Br2 solutions under microwave condition [39]. K and Br codoped double-walled 
carbon nanotubes exhibit p-n junction characteristics [40]. SWNTs was modified by 
immersing SWNTs in HBr solution, and after treatment, X-ray absorption near-edge 
structure (XANES) spectra showed a new pronounced feature, which was assigned to new 
bonds between the sidewall of the SWNTs and Br atoms [41]. After immersing in 40 wt% 
4 
HBr solution, a slight change could be observed by photoelectron spectroscopy on the 
surface of SWNTs [42]. 
 
In this thesis, the following gas-phase investigations of CNTs were performed: 
a) SWNT paper was surface oxidized at room temperature with gaseous oxygen atoms 
produced by low-pressure VUV (λ = 104.8 and 106.7 nm) photo-oxidation. 
b) SWNT paper was surface oxidized at room temperature without the presence of 
radiation with gaseous oxygen atoms generated by microwave (MW) plasma discharge 
of argon and oxygen (Ar-O2) mixture. 
c) UV photo-bromination of SWNT powder and paper was studied at room temperature 
with radiation of low-pressure Hg lamps (λ = 253.7 & 184.9 nm and λ = 253.7 nm for 
HBr at 62 - 134 torr). 
 
Due to the hydrophobic (not-wetting) characteristics of many polymers, there are some 
difficulties to bond, coat and print on the surface of polymer. Surface modification is an 
efficient way to change hydrophobic polymer surface into a hydrophilic one by plasma 
without affecting the bulk properties [43]. Low pressure plasma such as vacuum UV 
radiation and surface oxidation without the presence of radiation with gaseous atoms 
generated by microwave (MW) plasma discharge of Ar-O2 mixture are environmental 
friendly solutions for modifying and functionalizing the surface of polymers without 
changing the bulk properties. 
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Polystyrene is commonly considered as a polymer in the biomedical applications and is 
generally hydrophobic in nature. This hydrophobic nature inhibits the attachment of a wide 
range of cell types due to the preferential formation of a surface layer of the non-cell 
attachment protein albumin [44]. Certain applications like cell culture discs [45] require 
more hydrophilic surfaces, without altering the bulk properties of the polymers. Therefore 
surface modification of polystyrene is very important. It has been generally accepted that 
UV photons and plasma interact with polystyrene while introducing oxygen gas into the 
reaction system, leading to carbon-carbon scissions and generating a variety of 
oxygen-containing functionalities, such as C-O, C=O, or COOH, at the polymer surface 
[46 - 48]. 
 
Proton conducting polymer membranes are the main components of fuel cells. Among 
those membranes, Nafion, which is a copolymer of tetrafluoroethylene and 
perfluoro[2-(fluorosulfonylethoxy)-vinyl]ether [49], is probably the most widely used 
today which was developed over 50 years ago by DuPont, with only limited research into 
finding alternate products [50]. In the application of fuel cell, one particular importance is 
the interfacial boundary between the membrane and electrode, the three-phase boundary 
where the electrochemical reaction of the fuel and oxidant occurs: the greater the contact 
surface area between the membrane, catalyst and reactants, the greater the reaction rate 
[51]. A number of approaches have previously been reported for the modification of 
6 
Nafion, ranging from treatment with phosphoric acid [52], doping with cesium ions [53], 
impregnation with polymer precursors and subsequent in situ polymerization [54] to low 
dose electron beam exposure [55]. 
 
Previously, VUV photo-oxidation was shown to modify the fluoropolymers Teflon® PTFE 
[56], FEP (fluorinated ethylene-propylene co-polymer) [57] and PFA 
(poly(tetrafluoroethylene-co-perfluoropropyl vinyl ether)) [58] by resulting in 
defluorination, improvement in wettability, surface roughening and incorporation of 
oxygen into the polymer surface. In this thesis, VUV photo-oxidation is utilized at room 
temperature to surface modify polystyrene and Nafion®-117. 
 
The results of these investigations are compared to previous gas-phase photo-oxidation of 
CNTs. X-ray photoelectron spectroscopy (XPS) will be used to analyze all the samples to 
detect the quantitative and chemical changes in the top 2 - 5 nm of the samples. 
 
 
 
 
 
 
 
 
7 
Part II EXPERIMENTAL 
2.1 SWNT powder 
The SWNT powder (physical appearance of soot), which was purchased from Strem 
Chemicals, Inc., Newburyport, MA, consisted of tubes with diameters from 0.7 to 2 nm, 
lengths from 2 to 20 µm and was usually present in bundles of 20 tubes. The powder was 
used as received and placed within a well of diameter and depth of ca. 2 and 1 mm, 
respectively, formed in a quartz block (Figure 1) for the oxidation and bromination 
experiments and XPS analysis. 
 
 
Figure 1. SWNT powder within a well formed in a quartz block. 
 
2.2 SWNT paper 
Synthesis of SWNT paper was performed using an Alexandrite laser (755 nm) 
vaporization process. The laser pulse was rastered using GSI Lumonics mirrors over the 
surface of a graphite (1-2µm) target doped with 2% (w/w) Ni (submicron) and 2% (w/w) 
8 
Co (< 2µm), at an average power density of 100 W/cm2. The reaction furnace temperature 
was held at 1150 °C, with a chamber pressure of 700 torr under 100 sccm flowing Ar. The 
raw SWNT soot was collected from the condensed region on the quartz tube at the rear of 
the furnace [59]. Approximately 50 mg of raw SWNT soot was brought to reflux at 125 °C 
in 3M nitric acid for 16 h, and then filtered over a 1µm polytetrafluoroethylene (PTFE) 
membrane filter with copious amounts of water. The filter paper was rinsed consecutively 
with acetone, ethanol, 2.5 M NaOH, and H2O until filtrate became colorless after each step. 
The membrane filter was dried at 70 °C in vacuo to release the resulting SWNT paper from 
the filter paper. The SWNT paper was thermally oxidized in air at 550 °C for 1 min in a 
Thermolyne 1300 furnace. Finally, a 6 M hydrochloric acid wash for 60 min using 
magnetic stirring, with similar filtering steps and thermal oxidation at 550 °C for 20 min 
completed the purification [60]. The SWNT paper in the thesis is shown in Figure 2. The 
SWNT paper was attached to the top of a microscope cover slip using a double-sided 
adhesive tape and subjected to the oxidation and bromination experiments and XPS 
analysis. 
  
Figure 2 SWNT paper. 
9 
2.3 Polystyrene 
Commercially available films of biaxially oriented polystyrene, (C8H8)n (Figure 3) with the 
thickness of 0.125 mm was obtained from Huntingdon, England. Before surface 
modification, a certain procedure to remove potential contamination was applied, that is 
ultrasonic bath of ethanol for 15 min with overnight drying in air at room temperature. This 
cleaning procedure was evaluated by XPS and was verified to be an effective procedure. 
Polystyrene sample was attached to the top of a microscope cover slip using double-sided 
adhesive tape and subjected to VUV photo-oxidation experiments and XPS analysis. 
CH
n
CH2
 
Figure 3. Polystyrene. 
2.4 Nafion  
Nafion®-117, perfluorinated membrane, with 1100 g equivalent weight and 0.007 inch in 
thickness was obtained from ALDRICH® St. Louis, MO. The structure of Nafion®-117 [61] 
is shown in Figure 4. Nafion®-117 membrane was cleaned by the following procedures 
before VUV photo-oxidation: it was first heated in 0.5 M H2SO4 for 1 hour at 70 – 80 °C, 
followed by heated in 3% H2O2 for 1 hour at 70 – 80 °C to remove organic impurities. It 
was then cleaned with distilled water in a water bath at 80 – 90 °C. The membrane was 
stored in the desiccator for several days before surface modification treatment until it was 
10 
at constant mass [62]. After VUV photo-oxidation, the samples were analyzed with XPS to 
provide elemental, chemical state and quantitative analyses. 
 
Figure 4. Nafion®-117 [61]. 
2.5 UV photo-bromination 
2.5.1 Gaseous HBr trap 
A vacuum line made of Pyrex connected to a vacuum pump was used to trap the reactant 
gases in the quartz cell containing the samples of SWNT paper and powder (Figures 5 and 
6). The gas pressure in the cell was measured. A Hg manometer, topped off with ca. 2 cm 
of dibutyl phthalate to prevent interaction of HBr with the Hg, was connected to one of the 
vacuum line stopcocks in order to measure the pressure of the gas introduced to the cell 
(Figures 5 and 6). The SWNT paper was attached to the top of a microscope cover slide 
using a double-sided adhesive tape while SWNT powder was placed in the well of a quartz 
block. After that, the samples were put into the center of a cylindrical photochemical cell 
(2.54 cm diameter, 17.8 cm long) which was constructed of Suprasil® quartz (Figure 7). 
The cell was filled with 62 - 134 torr of research purity HBr gas (Matheson Tri-Gas, 
Basking Ridge, NJ). The HBr gas was first purified by at least 2 freeze-thaw circles at 77 K, 
11 
and then filled into the reaction cell which then would be moved to UV radiation chamber. 
 
Figure 5. Vacuum line system scheme consisting of the following stopcocks, from the left 
to the right: 1) gas line, 2) Hg manometer, 3) gas bulb, 4) photochemical cell, 5) 
gas trap/vacuum pump and 6) air. 
 
Gas trap/vacuum pump stopcock       Air               Trap 
Hg monometer 
HBr gas line 
HBr gas bulb 
Photochemical cell 
 
HBr tank 
Vacuum pump 
 
        Figure 6. Vacuum line system. 
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Figure 7. Quartz photochemical cell. 
2.5.2 UV radiation 
The 25.4 cm Rayonet photochemical chamber (manufactured by Southern New England 
Ultraviolet Co., Inc., Branford, CT) has 16 low-pressure Hg lamps that emit 253.7 nm 
radiation and 184.9 & 253.7 nm photons with about a 1:6 intensity ratio (Figures 8 and 9). 
The photochemical cell (Figure 7) was fitted with a Cajon removable high vacuum 
stainless steel fitting to allow placement and removal of the sample from the cell [63]. 
 
Figure 8. Schematic picture of UV bromination of CNTs. 
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Figure 9. Rayonet photochemical reactor. 
 
HBr gas was trapped in the cell and put in the center of the chamber. High purity nitrogen 
was flowed though the chamber for at least 10 minutes at a flow rate of 43 standard cubic 
centimeters per minute (sccm), to displace the air in the chamber prior to the ignition of 
radiation source. Molecular nitrogen is transparent to the UV radiation while HBr in the 
photochemical cell absorbs the UV photons. Figure 10 shows HBr absorption under 
different pressure and wavelengths of radiation. The spectra can only be explained as 
arising from two separate absorption curves which are shown by dotted lines in Figure 10. 
The longest wavelength of absorption under 50 torr is 310 nm while it is 320 nm under 760 
torr [64]. Therefore, both 253.7 nm and 184.9 nm Hg lamps have enough energy to initiate 
the photo-dissociation of HBr. 
Top view of UV chamber 
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Figure 10. HBr absorption spectra under different pressure: A-for 760 torr; B-for 50 torr 
[64]. 
 
2.6 VUV photo-oxidation 
Low-pressure argon MW plasma, operating at a frequency of 2.45 GHz and absorbed 
power (the difference between the forward and reflected power) of 28 - 38 W, was used to 
modify the surface of SWNTs, polystyrene and Nafion located downstream from the 
plasma. The Ar discharge was aligned with the substrate. Oxygen gas was introduced into 
the vacuum system about 2 mm above the samples. The argon and oxygen flow rates were 
50 and 10 sccm, respectively. The reaction chamber pressure was maintained in the range 
0.505 - 0.535 torr. The samples were placed ca. 23.8 cm downstream from the discharge. 
At this distance, deactivation and recombination processes involving charged particles and 
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metastables, which occur via homogeneous and heterogeneous collisions in transit to the 
substrate, make their contribution negligible and thus the interaction of VUV photons with 
the substrate is maximized [65, 66]. The low-pressure MW discharge produces radiation 
that is primarily a line source due to emission from excited Ar atoms, as shown in equation 
(1). 
Ar* = Ar + hν           (1) 
 
Neutral atomic resonance lines, arising from 3P1 1S0 and 3P2 1S0 transitions, occur at 
104.8 and 106.7 nm for Ar, respectively [67]. And since oxygen absorbs in the VUV region 
of the electromagnetic spectrum [68], the photochemical steps (2), (3), and (4), which 
produce ground, 3P, and electronically excited, 1D and 1S, oxygen atoms [69], respectively, 
are energetically possible using the Ar MW source. 
 
O2 + hν = O(3P) + O(3P)  λ< 242.4 nm  (2) 
O2 + hν = O(3P) + O(1D)  λ< 175 nm  (3) 
O2 + hν = O(3P) + O(1S)  λ< 133.2 nm  (4) 
 
The neutral Ar resonance lines at 104.8 and 106.7 nm occur within a region of the oxygen 
absorption spectrum where the Rydberg series converges towards the first ionization 
potential. The photo-absorption cross-sections at 104.91 and 106.60 nm are 2.27 x10-18 and 
3.75 x10-18 cm2, respectively [70]. Coupling these cross-sections with the oxygen number 
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density and pathlength through the oxygen, more than 90% of the VUV radiation from the 
Ar MW discharge is transmitted through the oxygen to the surface of the samples. SWNT 
paper, polystyrene and Nafion samples were pasted on microscope slides by double-sided 
tape and then the slides were put on a cylindrical stainless steel holder which stands in the 
center of reactor’s chamber (Figures 11and 12). 
 
Figure 11. Schematic diagram for VUV photo-oxidation downstream from Ar microwave 
plasma. 
 
 
Figure 12. VUV photo-oxidation (vertical plasma). 
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2.7 MW discharge of Ar and O2 mixture 
The experiments were conducted in low pressure (0.355 - 0.360torr) vacuum chamber. 
Oxygen atoms were generated by MW plasma of argon and oxygen gas mixture, operating 
at a frequency of 2.45 GHz and absorbed power (the difference between the forward and 
reflected power) of 28 - 38 W. The argon and oxygen flow rates were 50 and 10 sccm, 
respectively. SWNT paper and polystyrene samples were attached on microscope slides by 
double-sided tape and then the slides were put on a cylindrical stainless steel holder which 
stands in the center of reactor’s chamber (Figures 13 and 14). 
 
 
Figure13. Schematic diagram for MW discharge of Ar-O2 mixture. 
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Figure 14. MW plasma discharge of Ar-O2 mixture (horizontal plasma). 
2.8 X-ray photoelectron spectroscopy (XPS) 
2.8.1 XPS measurement 
After treatment, all samples reported in this thesis were analyzed by XPS. XPS is a 
nondestructive spectroscopic technique used to analyze the top 1 – 10 nm surface 
chemistry of materials [71]. In the XPS measurement, the material is irradiated with a 
source of soft X-ray beams which eject a core electron with kinetic energy (KE) that is 
measured with the XPS equipment. The binding energy (BE) of an electron, according to 
Equation 5, is a direct measure of the required energy to remove this electron from its 
initial (neutral) level to the vacuum level. The binding energies are given in units of 
electron volts (eV). 
BE = hv – KE      (5) 
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An XPS system is composed of a vacuum sample chamber which contains a sample holder; 
a source of fixed energy radiation (soft X-ray beams) that is used to excite the core level 
electrons on the material’s surface from their neutral to the vacuum level in order to be 
detected; an ultra-high vacuum environment (UHV chamber and pumps) to avoid 
interference of gas phase collisions with the analyses of the photo emitted electrons; an 
electron energy analyzer with two concentric-hemispherical magnetic field shielding that 
is used to disperse the photo-emitted electrons according to their kinetic energy and 
measure their flow through the analyzer; and a computer/software connected to the XPS 
system so the surface’s composition can be studied. 
 
A Physical Electronics Model 5800 XPS system (Figure 15), located at Xerox Corp. in 
Webster, NY, was used to examine the top 2 – 5 nm of the samples’ surface using a take-off 
angle of 45° between the sample and the analyzer. A region of about 800 µm in diameter 
was analyzed. The quartz block containing the SWNT powder (Figure 1) or the microscope 
cover slides were mounted directly in the XPS sample holder. The polystyrene and Nafion 
samples were prepared by cutting sections from the samples provided and mounting them 
beneath a molybdenum sample mask for presentation to the beam. The monochromatic Al 
Kα (1486 eV) X-ray beam irradiated the well and the electron optics of the analyzer was 
focused to accept only photoelectrons emitted from the samples. The samples were 
charge-neutralized with a flood of low-energy electrons from a BaO field emission charge 
neutralizer. This method of analysis minimized radiation damage to the samples. 
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Figure 15. XPS Physical Electronics Model 5800 at Xerox Corp. Webster, NY. 
 
2.8.2 XPS quantitative analyses 
Matter is made of atoms which are made of a nucleus and electrons and these electrons are 
orbiting around the nucleus with defined orbits. The electrons, which carry enough energy, 
will leave the solid matter for the surrounding vacuum. Once they are in vacuum, they are 
collected and counted by an electron analyzer. Furthermore they are classified according to 
their binding energies. Sometimes, photoelectrons travelling through the solid can interact 
with other electrons in the material. These interactions can result in the photoelectron 
exciting an electronic transaction thus losing some of its energy which is called “Energy 
Loss”. An example of a spectrum, often called an elemental survey scan, which shows 
number of electrons versus their binding energy, is displayed in Figure 16. 
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Figure 16. XPS elemental survey scans [72]. 
Each energy matches a specific atom type, e.g. 284.6 eV matches carbon and 532.5 
matches oxygen. Therefore, the specimen in Figure 16 contains carbon and oxygen. Each 
peak area is proportional to the number of atoms of the element. By calculating the 
respective contribution of each area, the elements’ concentrations of the specimen are 
obtained and which are in the units of atom percent (at%). The quantitative analyses are 
precise to within 5% relative for major constituents and 10% relative for minor 
constituents. 
 
2.8.3 XPS chemical state analyses 
The high resolution spectrum of the specimen is also generated by XPS (Figure 17). Curve 
fitting of the spectrum is used for the XPS chemical state analysis. The curve fitting is done 
using commercial software provided by the vendor Physical Electronics which is based on 
Matlab commercial software. Three parameters (the binding energy location, the width of 
the peak and the intensity or height of the peak) for each peak in the spectrum are estimated. 
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A minimum number of peaks are used to get a good fit which is determined by examining 
the chi-squared. Basically, chi-square determines point by point the variance of the fit 
spectrum to the actual spectrum. In a good curve fitting, the chi-squared value is less than 
2.00. If the value is significantly higher than 2, you should add another peak to improve the 
fit. 
 
Figure 17. XPS curve fitting. 
 
The colors in the curve fitting spectra are the different groups assigned by certain binding 
energies which are selected according to the literature [73]. The dotted red line at the 
bottom of the spectra is the difference point by point of the actual spectrum and the fitted 
spectrum. A spectrum for control or untreated sample is obtained at first. By comparing the 
treated samples to the control sample, how many peaks to add and their energy locations is 
determined. By subtracting the control spectrum from the treated spectrum, the change of 
the peaks’ area is obtained. A good estimate of peak width, energy location and intensity 
are made to generate tables showing the assignment of groups and peak area contribution. 
23 
Part III RESULTS 
3.1 SWNTs 
3.1.1 VUV photo-oxidation of SWNT paper 
3.1.1.1 XPS quantitative analyses 
VUV photo-oxidized SWNT paper was analyzed by XPS, the control and treated samples 
contain carbon and oxygen. Through elemental survey scan by XPS, the results of the 
quantitative analyses could be obtained and summarized in Table 1. Concentrations are 
reported in units of atomic percent. 
Table 1. Quantitative analyses SWNT paper with VUV photo-oxidation 
Sample  Treatment time (min) At% C At% O 
SWNT paper 
(VUV photo-oxidation) 
control 95.61 4.39 
2 95.15 4.85 
5 93.29 6.71 
10  93.60 6.40 
15 91.45 8.55 
30 91.27 8.73 
45 88.52 11.48 
60 88.63 11.37 
120 87.31 12.69 
Figure 18 shows the oxygen concentration as a function of treatment time. The oxygen 
concentration increases rapidly for the first 45 minutes of treatment and then the rate of 
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increase decreases significantly. After 45 minutes the oxygen concentration approaches a 
plateau at 12.1 ± 0.6 at%.  
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Figure 18. Oxygen concentration of control and treated SWNT papers following VUV 
photo-oxidation. 
3.1.1.2 XPS chemical state analyses 
The overlapped C 1s spectra for the control and treated samples are presented in Figure 19. 
The principal peak due to carbon-carbon bonding at 284.8 eV dominates the spectra, but 
complex spectral features due to carbon-oxygen bonding and energy loss structure are 
evident at higher binding energy. The intensities of the high binding energy peaks increase 
as expected from the quantitative analyses. Much of the high binding energy peak structure 
between 289 eV and 293 eV is due to shake-up peaks due to π→π* transitions and does not 
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originate from carbon-oxygen bonding. These peaks are evidence that the SWNT papers 
have a significant amount of aromatic character.  
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Figure 19. Overlapped C 1s spectra for control and treated SWNT paper following VUV 
photo-oxidation. 
In order to determine the chemical states of oxygen bonded to carbon as a result of 
treatment, it is necessary to curve fit the energy loss structure for the control and use the 
curve fit as a basis for curve fitting the spectra for the treated samples.  The spectrum of 
control was used to model the spectra. Any peak structure that differs from the control can 
be attributed to additional peaks due to chemically bonded oxygen. The peak areas of the 
additional peaks, due to carbon-oxygen bonding, must be quantitatively consistent with the 
oxygen concentration determined by the quantitative analysis. Typical binding energy 
values [73] were utilized to assign the peaks by curve fitting (Figure 20). The peaks are 
assigned in Table 2 for the control. These same assignments in Table 3 are applied to curve 
fit the C 1s spectra of the samples treated by VUV photo-oxidation. As a result of the 
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variety of species and similar contributions, the high binding energy region of the spectra 
has a broad undulating appearance.  
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Figure 20. Curve fitting for the SWNT paper control. 
Table 2. Curve fittings of the C 1s peaks for the SWNT paper control 
Binding Energy (eV) Peak Area % Assignment Absolute % C 
284.7 43.8 C-C sp2 41.9 
285.2 30.8 C-C sp3 29.4 
285.9 10.0 ether, glycol 9.6 
286.6 0.0 Energy Loss, alcohol 0.0 
287.1 3.7 Epoxide ring C 3.5 
287.9 0.0 C=O, O-C-O, Energy 
loss 
0.0 
288.6 3.3 O-C=O 3.2 
291.4 8.4 Energy Loss 8.0 
   *Total = 95.6 
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*Carbon concentration from Table 1 
Table 3. Curve fittings for the C 1s spectra of VUV photo-oxidation of SWNT paper as a 
function of treatment time 
Assignment Binding 
Energy 
(eV) 
2 
min 
5 
min 
10 
min 
15 
min 
30 
min 
45 
min 
60 
min 
120 
min 
C-C sp2 284.7 44.7 40.5 40.2 38.3 34.5 27.1 26.9 30.8 
C-C sp3 285.2 29.6 32.4 33.5 33.9 38.3 42.0 42.2 37.6 
ether, glycol 285.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Energy 
Loss, 
alcohol 
286.6 9.3 9.7 9.4 9.7 9.3 10.7 10.7 10.2 
Epoxide 
ring C 287.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
C=O, 
O-C-O, 
Energy loss 
287.9 4.6 4.6 4.4 5.0 4.5 6.2 6.2 5.7 
O-C=O 288.6 4.9 5.2 5.0 6.1 6.7 7.9 7.8 9.4 
Energy Loss 291.4 7.0 7.5 7.5 7.1 6.7 6.0 6.1 6.3 
 
The overlapped O 1s spectra shown in Figure 21 are almost identical. Therefore no curve 
fitting is made to the spectra. This composite peak and composite binding energy is 
consistent with the presence of C-OH, C=O, O-C=O and COOH moieties according to O 
1s binding energies for carbon-oxygen bonding (Table 4). Which is also consistent with the 
carbon binding energies in Table 2, and the concentrations of oxygen for all these species 
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increased with increasing length of treatment time. The percentage of O-C=O moieties 
increase the most from 4.9% to 9.4% (Table 3 and 4). 
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Figure 21. O 1s spectra for control and treated SWNT paper following VUV 
photo-oxidation. 
 
Table 4. O 1s binding energies for carbon-oxygen bonding [73] for oxidized CNTs 
C-O Group O 1s Binding Energies 
C-OH 532.7 eV 
C=O 532.4 eV 
O-C=O 532.2 eV, 533.6 eV 
COOH 532.2 eV, 533.5 eV 
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3.1.2 Treatment of SWNT paper using MW discharge of Ar-O2 mixture 
3.1.2.1 XPS quantitative analyses 
XPS is utilized to analyze treated SWNT paper with MW discharge of Ar-O2 mixture. The 
control and treated samples contain carbon and oxygen. The results of the quantitative 
analyses are summarized in Table 5. 
 
Table 5. Quantitative analyses for SWNT paper with MW discharge of Ar-O2 mixture 
Sample Treatment time 
(min) 
At% C At% O 
SWNT paper 
(MW discharge of Ar-O2 
mixture) 
control 95.61 4.39 
2 93.66 6.34 
5 91.62 8.38 
10 92.29 7.71 
15 89.34 10.66 
30 88.75 11.25 
45 89.25 10.75 
60 89.34 10.66 
120 89.00 11.00 
180 87.43 12.57 
 
Figure 22 shows the oxygen concentration as a function of treatment time. The oxygen 
concentration increases rapidly for the first 15 minutes of treatment and then reached a 
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plateau at 11.6 ± 1.0 at%.  
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Figure 22. Oxygen concentration of control and treated SWNT paper using MW discharge 
of Ar-O2 mixture. 
 
3.1.2.2 XPS chemical state analyses 
The overlapped C 1s and O 1s spectra for the control and treated samples which presented 
in Figures 23 and 24, respectively, are similar to Figures 20 and 21. The principal peak due 
to carbon-carbon sp2 bonding at 284.8 eV dominates the spectra. Complex spectral features 
due to carbon-oxygen bonding and energy loss structure are evident at higher binding 
energy. The intensities of the high binding energy peaks increase as expected in agreement 
with the quantitative analyses. Curve fitting is used to determine the chemical states of 
oxygen bonded to carbon as a result of treatment. The assignments apply to the results of 
the curve fittings in Table 6. As with VUV photo-oxidation of SWNT paper, MW discharge 
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of Ar-O2 mixture have similar effect on SWNT paper. The XPS results indicate the 
presence of C-OH, C=O and O-C=O moieties. The concentrations for all of these species 
increase with increasing length of treatment time. The greatest percentage gain is in the 
O-C=O moiety (288.6 eV) from 4.7 to 10.2 at% (Table 6).  
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Figure 23. Overlapped C 1s spectra for control and treated SWNT paper using MW 
discharge of Ar-O2 mixture. 
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Figure 24. O 1s spectra of control and treated SWNT paper using MW discharge of Ar-O2 
mixture. 
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Table 6. Curve fittings for the C 1s spectra of MW discharge of Ar-O2 mixture of SWNT 
paper as a function of treatment time 
Assignment Binding 
Energy 
(eV) 
Control* 
2 
min 
5 
min 
10 
min 
15 
min 
30 
min 
45 
min 
60 
min 
120 
min 
180 
min 
C-C sp2 284.7 41.9 48.4 46.0 47.2 41.4 42.7 42.7 43.5 41.9 41.3 
C-C sp3 285.2 29.4 28.3 28.0 27.8 32.3 30.2 30.2 27.0 29.5 29.9 
ether, glycol 285.9 9.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Energy 
Loss, 
alcohol 
286.6 0.0 7.2 10.1 6.5 4.6 5.3 5.3 7.3 6.7 4.7 
Epoxide 
ring C 287.1 3.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
C=O, 
O-C-O, 
Energy loss 
287.9 0.0 4.1 4.0 5.5 7.6 7.7 7.7 7.2 7.1 9.1 
O-C=O 288.6 3.2 4.7 5.2 6.5 7.5 8.4 8.4 8.4 8.6 10.2 
Energy Loss 291.4 8.0 7.3 6.7 6.6 6.6 5.7 5.7 6.7 6.2 4.9 
*Assignment for the control from Table 2 
Figure 25 compares at% O results of SWNT papers as a function of treatment time with 
VUV photo oxidation and MW discharge of Ar-O2 mixture. Surface oxidation occurs 
rapidly to reach a common level of saturation using these two different treatment methods. 
The initial rate is higher with MW discharge of Ar-O2 mixture than with VUV 
photo-oxidation probably because VUV photons may influence the degradation of the 
surface on SWNT paper. However, both methods reached the same level of saturation, 
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possibly because the MW discharge method may introduce more reactive O atoms than 
VUV photo-oxidation. 
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Figure 25. Oxygen concentration as a function of treatment time for SWNT paper treated 
with VUV photo oxidation and MW discharge of Ar-O2 mixture. 
 
3.1.3 UV photo-bromination of SWNT paper 
3.1.3.1 XPS quantitative analyses 
SWNT paper was exposed to 253.7 nm & 184.9 nm UV radiation at 62-134 torr HBr 
pressure. The control and treated single-walled carbon nanotubes paper contained carbon, 
and oxygen. The bromine is observed on the surface of the treated SWNT paper. The 
samples treated with UV radiation for 180 and 240 minutes contained nitrogen. The results 
of the quantitative analyses are summarized in Table 7.  
Table 7.  Results of the quantitative analyses of SWNT paper treated with HBr and 184.9 
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& 253.7 nm UV radiation 
Sample Treatment 
time (min) 
At% C At% O At% Br At% N HBr Pressure 
(torr) 
SWNT paper 
(184.9 & 253.7 
nm UV 
radiation with 
HBr gas ) 
control 96.3 3.7 0.00 0.00 - 
5 94.8 3.6 1.6 0.00 108 
10 94.1 4.4 1.6 0.00 102 
30 95.5 3.6 1.9 0.00 124 
30* 94.00 4.31 1.69 0.00 64 
60 94.0 3.9 2.2 0.00 114 
60* 91.85 5.80 2.35 0.00 82 
120 94.2 3.6 2.2 0.00 100 
180 89.3 6.3 2.3 2.2 134 
240 94.4 3.1 1.9 0.7 80 
SWNT paper 240** 95.8 2.9 1.3 0.00 116 
*: Replicate sample 
**: SWNT papers react with HBr gas at room temperature without UV radiation 
 
The untreated SWNT paper contained 96.3 at% of carbon and 3.7 at% of oxygen. A small 
fluctuation of oxygen concentration is observed in Table 7. The elevated oxygen 
concentration could be due to the presence of dangling carbon bonds at the edges of 
particles that reacted with oxygen when exposed to the air. The concentration of bromine 
as a function of treatment time is shown in Figure 26. 
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Figure 26. Concentration of bromine of SWNT paper treated with HBr and 184.9 & 253.7 
nm UV radiation. 
 
The bromination of SWNT paper occurs both in the presence and absence of UV radiation. 
With UV radiation, it is approximately 1.0 at% higher than without UV radiation. For the 
oxidation of SWNTs, the oxygen concentration is not a function of the length of treatment. 
The bromine concentration increases with time of exposure, but the trend is not linear. 
There is an increase in the bromine at% on the surface during treatment time up to 5 min 
and then the concentration saturates at 2.0 ± 0.3 at%. Without radiation, SWNT reacted 
with HBr gas to produce 1.3 at% of bromine on the surface. The repeat experiments in 
Table 7 show almost the same results.  
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3.1.3.2 XPS chemical state analyses 
The overlapped C 1s spectra for most of the treated samples are presented in Figure 27. The 
principal peak due to carbon-carbon bonding at 284.8 eV dominates the spectra, but 
complex spectral features due to carbon-oxygen, carbon-bromine bonding and energy loss 
structure are evident at higher binding energy. The intensities of the high binding energy 
peaks do not increase with exposure time as expected from the quantitative analyses which 
show subtle changes in the oxygen and bromine concentrations with length of exposure 
time. The overlapped Br 3d spectra for the samples are shown in Figure 28. The spectra 
obtained after the various lengths of treatment are relatively identical. Hence no curve 
fitting could be made to the spectra, which is also in agreement with quantitative analyses 
that subtle change occurs in bromine concentration. XPS cannot detect hydrogen due to its 
low photoionization cross section. 
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Figure 27. C 1s spectrum for the control and SWNT paper treated with HBr and 184.9 & 
253.7 nm UV radiation. 
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Figure 28. Overlapped Br 3d spectra for the SWNT paper control and SWNT paper treated 
with HBr and UV radiation. 
 
3.1.4 UV photo-bromination of SWNT powder 
3.1.4.1 XPS quantitative analyses 
SWNT powder was treated with 253.7 nm & 184.9 nm UV radiation at 62 - 110 torr HBr 
pressure. Another group of SWNT powder was treated with 253.7 nm UV radiation at 64 - 
72 torr HBr pressure. The control and treated single walled carbon nanotube powder 
contained carbon, and oxygen. The bromine is observed on the surface of the treated 
SWNT powder. The results of the quantitative analyses are summarized in Table 8.  
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Table 8. Quantitative analyses of SWNT powder treated with HBr and UV radiation 
Sample Treatment 
time (min) 
At% C At% O At% Br At% Co HBr Pressure 
(torr) 
SWNT powder 120* 85.5 12.9 1.2 0.4 64 
SWNT powder 
(HBr + 184.9 & 
253.7 nm 
radiation) 
30 87.1 10.9 1.5 0.4 62 
60 89.3 8.3 1.8 0.5 82 
120 85.3 10.2 3.2 1.3 110 
180 90.0 8.1 1.6 0.3 76 
240 86.8 10.8 2.1 0.3 108 
SWNT powder 
(HBr + 
253.7nm 
radiation ) 
30 93.1 5.2 1.7 - 64 
60 92.0 5.9 2.1 - 80 
120 92.4 5.4 2.2 - 62 
180 90.2 6.7 3.1 - 72 
Control control 94.9 5.1 0.0 - - 
*: SWNT powder reacts with HBr gas at room temperature without UV radiation 
 
For the SWNT powder samples radiated by 184.9 & 253.7 nm UV lamps, cobalt 
contamination was detected which is often a catalyst in SWNT powder fabrication. The 
SWNT powder sample, not exposed to UV radiation, exhibited the lowest concentration of 
bromine at 1.2 at%. The concentration of bromine as a function of treatment time is shown 
in Figure 29. There is an increase in the bromine at%. The concentration saturates at 2.4 ± 
0.8 at%. Cobalt was not detected in the SWNT powder samples exposed to only 253.7 nm 
radiation. Bromine and oxygen at% elevation was observed on these samples. The elevated 
oxygen concentration could be due to the presence of free radicals of SWNT powder that 
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reacted with oxygen when exposed to the air. The concentration of bromine as a function of 
treatment time is shown in Figure 30. The concentration reached a plateau at 2.4 ± 0.7 at%. 
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Figure 29. Concentration of bromine on SWNT powder treated with HBr and 184.9 nm & 
253.7 nm radiation. 
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Figure 30. Concentration of bromine on SWNT powder treated with HBr and 253.7 nm 
radiation. 
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3.1.4.1 XPS chemical state analyses 
The overlapped C 1s spectra and O 1s spectra for SWNT powder samples (Figure 31) 
radiated by 184.9 & 253.7nm and 253.7nm UV lamps are similar to the spectra of treated 
SWNT paper.  
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Figure 31. Overlapped spectra: a) C 1s spectra of SWNT powder treated with HBr and 
184.9 & 253.7 nm UV radiation; b) C 1s spectra of SWNT powder treated with HBr and 
253.7 nm UV radiation; c) Br 3d spectra of SWNT powder treated with HBr and 184.9 & 
253.7 nm UV radiation; d) Br 3d spectra of SWNT powder treated with HBr and 253.7 nm 
UV radiation. 
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3.2 Polystyrene 
3.2.1 VUV photo-oxidation of polystyrene 
3.2.1.1 XPS quantitative analyses 
Polystyrene sample were treated with VUV photo-oxidation. The elemental survey scans 
detected carbon and oxygen on the surface of every sample. Seven samples with different 
treatment time were included in the characterization. The results of the quantitative 
analyses are summarized in Table 9. 
Table 9. Quantitative XPS analyses for the polystyrene films with VUV photo-oxidation 
Sample Treatment time 
(min) 
At% C At% O 
Polystyrene 
(VUV 
photo-oxidation) 
Control 99.7 0.3 
2 96.2 3.8 
5 93.3 6.8 
10 89.3 10.7 
15 87.3 12.7 
45 84.4 15.6 
60 83.4 16.6 
120 80.9 19.1 
 
The concentration of oxygen as a function of treatment time is shown in Figure 32. An 
increase in treatment time results in an increase in the concentration of oxygen. After 5 
minutes of treatment there is a significant amount of carbon-oxygen bonding on the surface. 
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From 5 minutes to 45 minutes the increasing rate of oxygen concentration is fast while after 
45 minutes the rate slows and goes up to ca. 19.1 at%. 
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Figure 32. Concentration of oxygen on polystyrene after VUV photo- oxidation. 
 
3.2.1.2 XPS chemical state analyses 
Figure 33 illustrates the C 1s spectrum for the polystyrene control.  The energy loss 
structure associated with the π→π* transition is evident at about 291.7 eV.  The shake-up 
satellite is characteristic of the pendant phenyl group. The principal peak at 285 eV is due 
to carbon-carbon bonding. Figure 34 shows the overlapped C 1s spectra obtained for the 
control and treated samples. The peak of the polystyrene due to π→π* energy loss satellite 
becomes weak after treatment and a new peak in around 288.6 eV is generated which 
indicates the oxidation of the phenyl ring. Figure 35 shows the overlapped O 1s spectra for 
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the samples are broad Gaussian peaks.  
 
Figure 33. C 1s spectrum for polystyrene control. 
 
Figure 34. Overlapped C 1s spectra for control and polystyrene after VUV 
photo-oxidation. 
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Figure 35. Overlapped O 1s spectra for polystyrene after VUV photo-oxidation. 
 
Curve fitting is used to determine the chemical species present on the surface the C 1s and 
O1s peaks (Figure 36). The possible species that are the origins of the peaks are identified 
in Table 10 according to typical binding energies [73]. The results of the curve fitting for 
the C 1s peaks are summarized in Table 11.  
A)  B)  
Figure 36. Curve fitting of C 1s spectra for polystyrene films: A) control; B) 120 min VUV 
photo-oxidation. 
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Table 10. Assignment of C 1s peaks by binding energy [73] for oxidized polystyrene 
Binding Energy 
(eV) 
Species within Binding Energy Range 
284.6  , (aromatic ring) 
285.0  , (alkyl) 
285.4 , , , 
,  (ketone, ester, lactone, anhydride) 
286.4 
, ,  (alcohol, ester) 
288.0 
,  (ketone) 
288.5 
 , (ester) 
289.3 ,  , ,  
 (acid, lactone, anhydride) 
291.5 Energy loss peak 
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Table 11. Peak areas for C 1s peaks as determined by curve fitting the C 1s spectra of 
polystyrene treated after VUV photo-oxidation as a function of treatment time 
Binding 
Energy (eV) 
control 2 
min 
5 
min 
10 
min 
15 
min 
45 
min 
60 
min 
120 
min 
284.6 82.5 84.4 86.4 79.5 75.9 68.3 64.3 62.8 
285.0 13.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
285.4 0.0 11.0 8.6 12.4 13.8 18.0 17.8 20.7 
287.2 0.0 1.6 2.2 3.6 5.5 4.4 7.2 5.2 
288.5 0.0 0.0 0.0 0.0 0.0 2.2 3.6 2.5 
289.5 0.0 0.0 0.0 0.0 0.0 3.0 4.5 5.7 
291.5 4.4 3.0 2.9 4.5 4.9 4.0 2.7 3.1 
 
The major contributors to the C 1s spectra are the aromatic and alkyl carbons. Initially 
hydroxyl and carbonyl groups are observed due to alcohol, esters and ketones.  As 
treatment time is increased it appears that carboxylic acid, lactones and anhydrides may 
form. The results of the curve fitting for the O 1s peaks are summarized in Table 12. 
Literature values [73] for the various species are summarized in Table 13. Due to the lack 
of energy resolution, the O 1s spectra do not provide much additional information. Longer 
treatment times results in an increase of esters, acid and lactone groups (Tables 10, 11 and 
13). 
Table 12. Curve fitting for O 1s peak areas of O 1s spectra of polystyrene films as a 
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function of treatment time after VUV photo-oxidation 
Binding 
Energy (eV) 
control 2 
min 
5 
min 
10 
min 
15 
min 
30 
min 
45 
min 
60 
min 
120 
min 
532.1 28.3 15.0 16.2 15.1 14.3 14.8 21.9 20.5 22.4 
533.0 46.6 57.8 61.1 60.5 62.5 59.5 48.0 49.0 42.9 
533.7 25.1 27.2 22.7 24.4 23.3 25.7 30.1 30.5 34.7 
 
Table 13. Assignment of O 1s peaks by binding energy [73] for oxidized polystyrene 
Binding Energy (eV) Potential Species 
532.2 – 532.4 eV Ester, acid, lactone, ketone 
532.5 – 532.7 eV  Ether, alcohol, anhydride 
533.5 eV Ester, acid, lactone 
533.9 eV Anhydride 
 
3.2.2 Treated polystyrene using MW discharge of an Ar-O2 mixture 
3.2.2.1 XPS quantitative analyses 
Eight samples were included in the characterization. Carbon and oxygen are detected on 
the surface of every sample. The results of the quantitative analyses are summarized in 
Table 14. The concentration of oxygen as a function of treatment time is shown in Figure 
37. An increase in treatment time results in an increase in the concentration of oxygen. 
From the beginning the concentration of oxygen increases fast and after 45 minutes the 
oxygen concentration saturated at 21.4 ± 0.5 at%. 
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Table 14. Quantitative XPS analyses for the polystyrene films using MW discharge of 
Ar-O2 mixture 
Sample Treated time (min) At% C At% O 
Polystyrene  
(MW discharge of Ar-O2 
mixture) 
Control 99.2 0.8 
2 91.4 8.6 
5 85.9 14.1 
10 82.5 17.5 
15 82.2 17.8 
30 80.3 19.7 
45 79.1 20.9 
60 78.7 21.3 
120 78.0 22.0 
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Figure 37. Concentration of oxygen as a function of treatment time of polystyrene films 
using MW discharge of Ar-O2 mixture. 
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3.2.2.2 XPS chemical state analyses 
The C 1s spectrum for the polystyrene control is the same as the spectrum in Figure 28. 
Figure 38 shows the overlapped C 1s spectra obtained from the control and treated samples. 
The principal peak at 285 eV is due to carbon-carbon bonding. The manifold of peaks with 
binding energies greater than 285 eV are due to carbon-oxygen bonding. The peak due to 
π→π* energy loss satellite becomes weak after treatment of the polystyrene, this is 
indicative of oxidation of the phenyl ring. Compared to the control sample, there are two 
new peaks generated around 288.6 eV and 287.2 eV. The overlapped O 1s spectra shown in 
Figure 39 form broad Gaussian peaks and contain little information. 
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Figure 38. Overlapped C 1s spectra for control and treated polystyrene films using MW 
discharge of Ar-O2 mixture. 
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Figure 39. Overlapped O 1s spectra for control and treated polystyrene films using MW 
discharge of Ar-O2 mixture. 
 
The possible species that are the origins of the C 1s peaks were curve fitted (Figure 40) 
according to typical binding energies [73]. 
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Figure 40. Curve fitting of C 1s spectra of polystyrene treated 120 min using MW 
discharge of Ar-O2 mixture. 
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The results of the curve fitting for the C 1s peaks are summarized in Table 15. The possible 
species that are the origins of the peaks are identified in Table 10. Similar to VUV 
photo-oxidation treatment, initially hydroxyl and carbonyl groups are observed due to 
alcohol, esters and ketones. As treatment time is increased, it appears that carboxylic acid, 
lactones and anhydrides may form. Curve fittings for the O 1s spectra were performed and 
the results are summarized in Table 16 accroding to the literature values [73] for the 
various species listed in Table 13. Like Figure 35, because of the lack of energy resolution, 
the O 1s spectra in Figure 39 do not provide much additional information relative to that 
from the C 1s spectra. Longer treatment times results in an increase in the amount of esters, 
acid and lactone generated (Tables 10, 11 and 15). 
Table 15. Curve fitting for C 1s area peaks of C 1s spectra of polystyrene as a function of 
treatment time using MW discharge of Ar-O2 mixture 
Binding 
Energy (eV) 
control 2 
min 
5 
min 
10 
min 
15 
min 
30 
min 
45 
min 
60 
min 
120 
min 
284.6 82.5 89.0 78.2 74.7 74.1 70.0 67.9 65.5 64.2 
285.0 13.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
285.4 0.0 6.0 10.1 10.5 10.3 12.2 13.8 14.6 14.9 
287.2 0.0 2.1 5.8 8.1 8.0 8.5 9.7 10.1 11.2 
288.5 0.0 0.0 2.2 3.4 3.7 4.5 4.3 4.9 4.4 
289.5 0.0 0.0 1.6 2.0 2.3 3.3 3.5 4.0 4.9 
291.5 4.4 2.9 2.2 1.3 1.5 1.3 0.7 0.9 0.4 
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Table 16. Curve fitting for O 1s spectra of polystyrene as a function of treatment time using 
MW discharge of Ar-O2 mixture 
Binding 
Energy (eV) control 
2 
min 
5 
min 
10 
min 
15 
min 
30 
min 
45 
min 
60 
min 
120 
min 
532.1 28.3 33.0 49.4 43.4 40.6 39.1 37.9 35.9 21.4 
533.0 46.6 42.0 33.4 38.3 40.3 39.3 41.4 41.5 49.6 
533.7 25.1 25.0 17.2 18.3 19.1 21.6 20.7 22.6 29.0 
 
3.3 Nafion 
3.3.1 VUV photo-oxidation of Nafion 
3.3.1.1 XPS quantitative analyses 
XPS detected carbon, fluorine, oxygen and sulfur on the surface of every Nafion®-117 
sample. The results of quantitative analyses are summarized in Table 17. XPS cannot 
detect hydrogen due to its low photoionization cross section. Nitrogen does not exist in 
Nafion®- 117 film or working gas, the increasing concentration probably is due to a 
leakage in the vacuum system or small impurities in working gas, resulting in VUV 
photo-nitrogenation. The concentrations of oxygen and fluorine as a function of treatment 
time are shown in Figure 41. An increase in treatment time results in an increase in the 
concentration of oxygen and a decrease in the concentration of fluorine. The F/O ratio is 
given in Figure 42, the ratio decreases dramatically with longer treatment time. An increase 
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in treatment time results in an increase in the concentration of nitrogen with increasing 
treatment time is also observed. 
Table 17.  Quantitative XPS analyses for the Nafion®-117 films with VUV 
photo-oxidation 
Sample Treatment 
time (min) 
At% C At% O At% F At% S At% N F/O 
Nafion®-117 
(VUV 
photo-oxidation) 
control 35.3 8.4 55.3 0.9 0.0 6.6 
15 38.7 10.5 49.7 0.6 0.5 4.7 
30 39.0 12.2 47.4 0.6 0.8 3.9 
60 39.7 14.3 42.7 1.4 2.0 3.0 
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Figure 41. Concentration of oxygen and fluorine in Nafion®-117 control and Nafion®- 117 
films following VUV photo-oxidation. 
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Figure 42. F/O concentration ratio with different treatment time of Nafion®-117 with VUV 
photo-oxidation. 
 
3.3.1.2 XPS chemical state analyses 
Figure 43 shows the overlapped C 1s spectra in control and treated samples.  There are 
two distinct groups of peaks in the C 1s spectrum of the control sample, one at low binding 
energy and one at high binding energy. The peaks at low binding energy are due to 
carbon-carbon and carbon-oxygen bonding environments. The group of peaks at high 
binding arises from carbon bonding to fluorine. The principal peak at high binding energy 
is assigned to the CF2 moiety and the high binding energy shoulder at about 293 eV is 
attributed to the CF3 moiety.  Peak assignment for the controls and treated samples is 
accomplished by curve fitting the spectra in Figure 44 and determining the binding 
energies of the individual components of the spectra. Peak assignments were made by 
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referring to general C 1s binding energies [73] in Table 18 and the results of the curve 
fitting for the C 1s spectra of the Nafion®-117 films are summarized in Table 19. 
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Figure 43. Overlapped C 1s spectra for Nafion®-117 control and Nafion®-117 treated with 
VUV photo-oxidation. 
 
 
Figure 44. Curve fitting of Nafion®-117 control. 
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Table 18. General C 1s binding energies [73] for oxidized Nafion®-117 
Species Binding Energy 
(eV) 
C-C 284.7 
 O-C-C* 
          || 
O 
285.4 
C*-O-C=O 286.2 
O=C-O 289.3 
CF 289.2 
CF2 291.8 
CF3 293.0 
 
Table 19. Curve fitting for the C 1s spectra of the Nafion®-117 films as a function of 
treatment time with VUV photo-oxidation 
Species control 15 min 30 min 60 min 
C-C 6.7 7.1 3.3 1.2 
 O-C-C* 
|| 
O 
9.5 6.5 13.0 13.3 
C*-O-C=O 1.9 8.4 10.7 10.8 
O=C-O 1.1 4.4 5.4 6.6 
CF 2.3 10.4 13.1 16.0 
CF2 55.8 53.6 47.7 45.7 
CF3 22.8 9.6 6.9 6.4 
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The O 1s spectrum (Figure 45) for the Nafion control exhibits two peaks. The peak at low 
binding energy is assigned to the oxygen atoms of the sulfonic acid group and the peak at 
high binding energy arises from the oxygen bonded to the carbons of the fluorocarbon 
chain. The corresponding overlapped O 1s spectra presented in Figure 45 reflect the 
changes in surface chemistry. The treated samples show a decrease in the relative intensity 
of the high binding energy O 1s peak due to CFx-O-CFx and an increase in the intensity of 
the lower binding energy peak with increasing treatment time. This is accompanied by an 
overall increase in the concentration of oxygen. 
 
Figure 45. Overlapped O 1s spectra of Nafion®-117 control and Nafion®-117 films 
with VUV photo-oxidation. 
 
The increase in the intensity of the low binding energy O 1s group is attributed to an 
increase in the amount of carbon-oxygen bonding with treatment. The general O 1s binding 
energies for the samples are given in Table 20.  
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Table 20.  General O 1s binding energies [73] for oxidized Nafion 
Species Binding Energy (eV) 
O-C=O (Composite) 532.7 
Sulfonic acid 533.4 
CF-O*-CF2 535.1 
 
The curve fitting employed three peaks, one due to CFx-O-CFx, another due to the sulfonic 
acid group and a third due to carbon-oxygen bonding.  Since the peaks cannot be resolved, 
a more accurate curve fitting cannot be made. In general, the curve fittings show an 
increase in carbon-oxygen bonding with treatment time, a slight increase in the amount of 
oxygen due to the sulfonic acid group and finally a decrease in the CFx-O-CFx moiety with 
increasing treatment time. And the results of the curve fitting for the O 1s spectra of the 
samples are shown on Table 21. 
Table 21. Curve fitting of the O 1s spectra for Nafion®-117 films as a function of treatment 
time with VUV photo-oxidation 
Species control 15 min 30 min 60 min 
Sulfonic acid 40.0 35.6 45.6 46.9 
C-O composite 0.0 30.4 33.4 42.3 
CF-O*-CF2 60.0 34.0 21.0 10.7 
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Part IV DISCUSSION 
4.1 CNTs 
4.1.1 Oxidation of CNTs 
Gas-phase VUV photo-oxidation of SWNT paper and SWNT paper treated with MW 
discharge of Ar-O2 mixture was performed to surface-oxidize SWNT paper. An increase in 
oxidation of the top 2-5 nm of the surface of SWNTs was observed.  
 
VUV photo-oxidation method achieved the saturation level of oxidation at 12.1 ± 0.6 at% 
while MW discharge method reached at 11.6 ± 1.0 at%. Almost the same saturation levels 
are shown. The similar conclusion could be found for MWNT paper in previous work 
(Figure 46). 
 
Figure 46. O at% as a function of treatment time for: A) SWNT paper treated by VUV 
photo-oxidation; B) SWNT paper treated by MW discharge of Ar-O2 mixture; 
C) MWNT paper treated by VUV photo-oxidation [33]; D) MWNT paper 
treated by MW discharge of Ar-O2 mixture [75]. 
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The saturation level of SWNT paper is higher than MWNT paper. The increased reactivity 
of O atoms with SWNTs is probably due to the increased strain on the smaller diameter 
tubes compared to the larger diameter outer shells of MWNTs. 
 
Figure 47 gives a comparison of O at% of SWNT powder versus paper by the same 
treatment methods.  
 
Figure 47. O at% as a function of treatment time for: A) SWNT powder treated by VUV 
photo-oxidation [34]; B) SWNT powder treated by MW discharge of Ar-O2 
mixture [34]; C) SWNT paper treated by VUV photo-oxidation; D) SWNT 
paper treated by MW discharge of Ar-O2 mixture. 
 
O at % of SWNT powder is evidently higher than paper, which maybe because the higher 
surface area of powder than paper. VUV photo-oxidation of SWNT powder gives more O 
at% than MW discharge method, while for paper these two methods give similar saturation 
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level. It seems that VUV photons help adding oxygen onto the surface of SWNT powder 
while for paper this effect is weak. 
 
UV photo-oxidation is observed to introduce more O at% than VUV photo-oxidation for 
SWNT paper (Figure 48). However, for MWNT paper. VUV photo-oxidation produced 
higher levels of oxidation than UV photo-oxidation [32, 33]. 
 
 
Figure 48. O at% as a function of treatment time for: A) SWNT paper treated by UV 
photo-oxidation [31]; B) SWNT paper treated by VUV photo-oxidation; C) 
MWNT paper treated by VUV photo-oxidation [33]; D) MWNT paper treated 
by UV photo-oxidation [32]. 
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The oxygen concentration of different experiments as a function of treated time is shown in 
Figure 49 and the saturation level of oxygen concentration from the results of gas-phase 
oxidation of CNTs experiments were compared and summarized in Table 22. 
 
 
Figure 49. O at% as a function of treatment time for: A) UV photo-oxidation of SWNT 
paper [74]; B) VUV photo-oxidation of SWNT powder [34]; C) UV 
photo-oxidation of SWNT powder [32]; D) SWNT powder treated by MW 
discharge of Ar-O2 mixture [34]; E) VUV photo-oxidation of SWNT paper; F) 
SWNT paper treated by MW discharge of Ar-O2 mixture; G) VUV 
photo-oxidation of MWNT paper [33]; H) MWNT paper treated by MW 
discharge of Ar-O2 mixture [75]; I) UV photo-oxidation of MWNT powder [31]; 
J) UV photo-oxidation of MWNT paper [20]. 
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Table 22. Comparison of the results of the oxidation methods for CNTs 
O at% Experiments 
> 25 UV photo-oxidation of SWNT paper [74] 
20-25 VUV photo-oxidation of SWNT powder [34]; UV photo-oxidation of 
SWNT powder [32] 
15-20 SWNT powder treated by MW discharge of Ar-O2 mixture [34] 
10-15 VUV photo-oxidation of SWNT paper; SWNT paper treated by MW 
discharge of Ar-O2 mixture 
5-10 VUV photo-oxidation of MWNT paper [33]; UV photo-oxidation of 
MWNT powder [31]; MWNT paper treated by MW discharge of Ar-O2 
mixture [75] 
< 5 UV photo-oxidation of MWNT paper [20] 
 
Both VUV photo-oxidation and MW discharge of Ar and O2 mixture introduced C-OH, 
C=O and O-C=O groups into SWNT paper. Among the treated samples, the O-C=O group 
increased the most, which is similar to the conclusion of UV photo-oxidation of SWNT 
paper (C=O and O-C=O show more amount than the other groups) [74]. However, 
compared to the control group, VUV introduced C-OH group the most while MW 
discharge of Ar-O2 mixture introduced C=O group in the highest amount (Table 23). 
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Table 23. Comparison of absolute % of C-containing groups for SWNT paper treated 
with VUV photo-oxidation and MW discharge of Ar-O2 mixture 
Assignment Control 2 min 
VUV 
120 min 
VUV 
2 min 
MW 
180 min 
MW 
C-C sp2 41.9 44.7 30.8 48.4 41.3 
C-C sp3 29.4 29.6 37.6 28.3 29.9 
ether, glycol 9.6 0.0 0.0 0.0 0.0 
alcohol 0.0 9.3 10.2 7.2 4.7 
Epoxide ring C 3.5 0.0 0.0 0.0 0.0 
C=O 0.0 4.6 5.7 4.1 9.1 
O-C=O 3.2 4.9 9.4 4.7 10.2 
Energy Loss 8.0 7.0 6.3 7.3 4.9 
 
4.1.2 Photo-bromination of CNTs 
UV photo-bromination of SWNT paper and powder was performed using HBr with 
different UV wavelength. All three kinds of experiments: 253.7 & 184.9 nm UV 
photo-bromination of SWNT paper, 253.7 & 184.9 nm UV photo-bromination of SWNT 
powder and 253.7 nm UV-bromination of SWNT powder, give low Br at% yield at 2.0 ± 
0.3 at%, 2.4 ± 0.8 at% and 2.4 ± 0.7 at%, respectively. The lower yield may be because the 
bigger diameter of Br compare to C-C bond lengths in hexagonal and pentagonal surface 
[40]. 
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4.2 Polystyrene 
In this thesis, two kinds of experiments were performed to achieve surface modification of 
polystyrene: 1) VUV photo-oxidation of polystyrene films and 2) treatement with MW 
discharge of Ar-O2 mixture. The samples treated by MW discharge of Ar-O2 mixture 
showed higher initial rate of oxidation than with VUV photo-oxidation. Also, MW 
discharge of Ar-O2 mixture introduced more O at% (21.4 ± 0.5 at%) on to the surface of 
polystyrene films than VUV photo-oxidation (ca. 19.1 at%) (Figure 50). In contrast, 
UV-ozone treatment introduced a similar saturation level (21.8 ± 1.1 at%) (Figure 51) [76]. 
UV-ozone treatment of polystyrene saturates faster, the saturation level was reached after 4 
minutes treatment. Far slower than UV-ozone treatment, MW discharge method saturated 
at 45 minutes while VUV photo-oxidation the 120 minutes treatment may not reach a 
saturation level. 
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Figure 50. Oxygen concentration of polystyrene with VUV photo-oxidation and MW 
discharge of Ar-O2 mixture. 
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Figure 51. Oxygen concentration of polystyrene with different treatment time using 
UV-ozone treatment [76]. 
Figure 52 shows the curve fitting of the C 1s spectra of different treatment methods: 
a b 
 c 
Figure 52. Curve fitting of C 1s spectra of polystyrene films by different treated methods at 
saturation level: (a) VUV photo-oxidation; (b) MW discharge of Ar-O2 mixture; 
(c) UV-ozone treatment [76]. 
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The curve fitting of the C ls spectrum of 120 minutes treatment using MW discharge 
(Figure 52.b) shows a higher intensity around 287.2 eV than VUV photo-oxidation (Figure 
52.a). This energy is assigned to the C=O group, and the results are consistent with the 
increase in oxygen concentration. The other parts are almost identical (Figure 52). 
However, in Figure 50, the oxygen concentration of polystyrene films using VUV 
photo-oxidation may not be saturated. It may reach the same oxygen concentration after 
longer treated time. A possible explanation of this situation is that VUV photons affect the 
bonding of oxygen which retards the oxygen concentration increasing rate. The curve 
fitting of C 1s spectrum of 120 minutes treatment using MW discharge of Ar-O2 mixture 
treatment (Figure 52.b) also indicates that there is a new peak around 287.2 eV assigning to 
C=O group, which is smaller in the UV-ozone treatment (Figure 52.c) [76], but almost 
same saturation level of oxygen concentration of these two methods. 
 
4.3 Nafion 
VUV photo-oxidation is an efficient method to surface-oxidize Nafion®-117. The F/O 
decrease dramatically from ca. 6.6 to 3.0. The C-O composites were observed to increase 
with the treatment time. The treatment assisted in the grafting of poly(acrylic acid) to 
Nafion®-117 films than the untreated Nafion®-117 films [77]. 
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Part V CONCLUSIONS 
5.1 SWNTs 
Dry, gas-phase surface modification of CNTs with oxygen in the presence and absence of 
radiation proved to be an effective method to add oxygenated groups to the surface of 
CNTs. SWNT paper was surface oxidized by: (1) VUV photo-oxidation and (2) MW 
discharge of Ar-O2 mixture in the absence of radiation from the plasma discharge. The 
former achieved the saturation level of oxidation at 12.1 ± 0.6 at% while the later reached 
at 11.6 ± 1.0 at%, almost the same saturation levels. These two surface modification 
methods were substantially lower than that observed via UV photo-oxidation (ca. 29 at% O) 
[73]. The C-OH, C=O and O-C=O groups were observed after treatment in both of the 
experiments, and among them, C-OH gave the highest yield with VUV photo-oxidation, 
C=O gave the highest yield with MW discharge of Ar and O2 mixture. For both of these 
two methods, among the treated samples, the O-C=O group is observed to increase the 
most. 
Dry, UV surface photo-bromination was first utilized to bromide SWNT powder and paper 
with gaseous HBr under certain pressure (62 – 134 torr). Small amount of bromine is added 
to the surface of SWNTs. Three different experiments: (1) 253.7 and 184.9 nm UV 
bromination of SWNT paper; (2) 253.7 and 184.9 nm UV bromination of SWNT powder; 
(3) 253.7 nm UV bromination of SWNT powder give the bromine concentration at 2.0 ± 
0.3 at%, 2.4 ± 0.8 at% and 2.4 ± 0.7 at%, respectively. 
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5.2 Polystyrene and Nafion 
Dry, gas-phase surface modification with oxygen in the presence and absence of radiation 
were proved to be effective methods to add oxygenated groups to the surface of polymers. 
 
Polystyrene films were surface oxidized with (1) VUV photo-oxidation and (2) MW 
discharge of Ar-O2 mixture. The oxygen concentration level at ca. 19 at% and ca. 22 at% 
were reached, respectively. An increase in the amount of esters, acid and lactone was 
observed, and MW discharge experiments may give more carbonyl group yield. 
 
Nafion®-117 films were treated by VUV photo-oxidation. An increase in the concentration 
of oxygen and a decrease in the concentration of fluorine were observed along with the 
increase in treatment time. The F/O decrease dramatically from ca. 6.6 to 3.0. The C-O 
composites were observed an increasing along with the treated time.  
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Part VI FUTURE WORK 
In the future, some other analytical methods could be introduced to analyze the samples 
such as FTIR and Raman spectroscopy.  
 
The reactivity of CNTs is according to the diameter of the tubes, gas-phase surface 
modification of CNTs with specific diameters is worth to be done. 
 
The UV photo-bromination of CNTs gives low yield of bromine. Perhaps, higher yield 
could be obtained using shorter wavelengths of radiation and with higher HBr pressure.   
 
Nafion is used as a membrane in fuel cell application. The surface modified Nafion should 
be tested in fuel cells.  
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